Abstract-We demonstrate a new reflection imaging technique using single-cycle pulses, in which the sample to be imaged is placed at the focus of a lens in one arm of a Michelson interferometer. The detected signal is the superposition of the pulses from the two arms of the interferometer, one with a sample and one with a reference mirror. Because of the Gouy phase shift from the lens in the sample arm, these two pulses are nearly out of phase, and can destructively interfere. This leads to a strong cancellation of the measured waveform and a nearly background-free imaging method. We demonstrate the technique using terahertz time-domain spectroscopy and show that the destructive interference provides enhanced sensitivity to features in the sample that are much thinner than the coherence length of the radiation. This technique could be valuable in any low-coherence tomographic measurement in which the reflected electric field can be measured directly.
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I
MAGING via time-of-flight tomography is common in many fields of research. Techniques such as optical coherence tomography (OCT) [1] have found widespread application, in part because of their ability to image with high depth resolution. In OCT, for example, this resolution is achieved by using a low-coherence light source, such as a femtosecond optical pulse [2] . In this case, the depth resolution is determined solely by the bandwidth of the light source. This is a manifestation of the well-known Rayleigh criterion, which relates the achievable depth resolution to the coherence length L , inversely proportional to the bandwidth [3] . Using broadband optical pulses of 10 fs duration, it is possible to resolve two reflecting surfaces spaced by only a few micrometers [4] . To achieve this extraordinary resolution, an interferometric arrangement is typically employed. This provides a synchronized reference pulse, which can act as a temporal gate.
We have recently described a time-of-flight reflection imaging technique using single-cycle pulses of terahertz (THz) radiation [5] . In this case, photoconductive sampling permits the direct detection of the THz electric field [6] . As a result, the temporal separation between pulses reflected from two closely separated surfaces can be determined directly from the time-domain waveform, without any need for interferometry. In this previous work, as in OCT, the depth resolution was determined by the Rayleigh criterion. Two surfaces can only be distinguished if the distance between them is larger than 2. Here, the factor of 1/2 arises from the two transits through the intervening medium of the pulse reflected from the farther sur- Fig. 1 . A schematic of the experimental apparatus. The system is a THz time-domain spectrometer based on photoconductive antennas for both generation and detection. The collimated THz beam is divided into two by a high-resistivity silicon beam splitter, in a Michelson arrangement. One arm is directed onto the sample through a focusing lens. The second arm is a reference retro-reflector, mounted on a manual delay stage. The sample and reference arms are recombined at the beam splitter and interfere coherently at the detector. To form images, the sample is translated transverse to the THz beam propagation direction.
face. A depth resolution of 100 m was demonstrated using this simple time-of-flight imaging system [5] . It is important to note that it was possible to attain this Rayleigh-limited imaging without the use of interferometry, because of the coherent detection of the THz waveforms. With single-beam time-of-flight techniques such as this, the only way to improve the depth resolution is to increase the bandwidth of the radiation.
In this paper, we describe an imaging technique that exploits interferometry to enhance the capabilities of low-coherence tomography. Because an interferometer is not already required to provide temporal gating, it can be instead used to implement a background-free imaging method. This technique exploits the Gouy phase shift incurred by an optical beam passing through a focus [7] . Since this phase shift is approximately equal to , it can be used to induce a destructive interference between two optical pulses. This provides a nearly background-free imaging mode and leads to a dramatic increase in the sensitivity to subtle features in a sample. The value of phase-sensitive interferometry has long been recognized as a method for improving the signal-to-noise ratio in spectroscopic measurements [8] , [9] and in imaging [10] , [11] . However, this is the first instance in which the Gouy phase shift is explicitly used to provide destructive interference between two arms of an interferometer. Using this method, the depth resolution can be enhanced by more than an order of magnitude [12] .
A schematic of the interferometer is shown in Fig. 1 . This spectrometer shares many features with terahertz imaging systems described earlier [13] , [14] . The terahertz pulses are generated and detected using low-temperature-grown GaAs photoconductive antennas, gated with 50-fs laser pulses from a mode-1077-260X/01$10.00 © 2001 IEEE locked Ti:sapphire laser. High-density polyethylene lenses are used to collimate, focus, and collect the THz beam, which is arranged in a Michelson configuration for reflection imaging [5] . A high-resistivity silicon wafer is used as a beam splitter, dividing the pulse train into a sample and a reference arm. This wafer is 0.5 cm thick, so that multiple reflections within the beam splitter are delayed by over 150 ps relative to the initial THz pulse, and are not measured. We note that this is not a 50/50 beam splitter-in fact, the transmitted THz field is reduced by a factor of 0.82 relative to the field incident on the silicon wafer, while the THz field reflected from the front surface of the wafer is reduced by a factor of 0.42. However, in the configuration shown in Fig. 1 , an ideal 50/50 split is not required, since both the sample arm and the reference arm pulses experience one transmission and one front-surface reflection from the wafer. Thus, both fields are attenuated by a factor of 0.35 in passing through the interferometer. The imbalance in the two arms is not significant because the interference occurs at the detector, after the two beams have been equalized. The achromaticity and low absorptivity of high-resistivity silicon are more important considerations in choosing a beam-splitter material [15] .
A lens is placed in the sample arm of the interferometer, and the sample to be imaged is located at its focus. For imaging, samples can be scanned in the focal spot, transverse to the propagation direction of the THz beam so that an image is acquired pixel by pixel [13] , [14] , [16] . The beam in the second arm of the interferometer (the reference arm) is simply retro-reflected off of a flat mirror on a manual translation stage. The optical delays of the two arms are adjusted to be approximately equal.
In addition to providing lateral spatial resolution for imaging, the lens also provides the phase shift that permits background-free imaging. The pulse that passes through the lens acquires an additional phase (compared to the pulse that traverses the reference arm) as a result of the Gouy phase shift acquired by a focused Gaussian beam [7] , [17] . This topological phase is a result of the variation in wavefront curvature as the pulse passes through the focus, and is approximately equal to . Thus, when the pulses from the two arms of the interferometer reach the detector, they destructively interfere and a very small signal is measured. However, if the sample contains any feature that distorts either the amplitude or phase of the reflected THz pulse, this destructive interference is disrupted and a large signal is measured. In a sample containing multiple layers, the delay of the reference arm can be adjusted so as to cancel any one of the reflections from the sample, permitting a detailed study of any particular buried interface. Depending on the surface that is generating the reflection in the sample arm, it may be necessary to place an aperture in the reference arm in order to adjust the relative amplitudes of the two pulses. Fig. 2 shows several terahertz waveforms that illustrate this destructive interference. Fig. 2(a) shows waveforms from the sample arm and reference arm, with a metal mirror placed in the focus of the imaging lens, at the position normally occupied by the sample. These waveforms illustrate the nearly phase shift acquired by the sample arm, relative to the reference arm. The bottom waveform in Fig. 2(a) shows the strong destructive interference between these two pulses, resulting in a signal reduced in amplitude by more than 90%. The spectra in Fig. 2 (b) The same comparison as in (a), except that the reference arm is unblocked so that the reference pulse can interfere with the sample pulse. The reference pulse delay was adjusted to optimally cancel the sample pulse before the adhesive tape was placed on the mirror. The larger difference between the two waveforms in (b) illustrates the enhanced contrast provided by the nearly background-free measurement. The waveforms in (a) have been vertically offset for clarity.
show the Fourier amplitudes of these three waveforms, with the reference spectrum shown as a dashed curve. As expected, the signal and reference waveforms have very similar spectra, with small differences arising from the weak absorption and dispersion in the thin polyethylene imaging lens or from slight aberrations arising from misalignment. The spectrum of the interfered signal is much weaker, showing only a small low-frequency remnant. Fig. 3 shows waveforms that illustrate some of the advantages of using this destructive interference in the detection of subtle features in a sample. Fig. 3 (a) shows two waveforms acquired with the reference arm blocked. The solid curve represents the waveform reflected from a metal mirror at the focus of the imaging lens, as above. The dashed curve shows the same situation, except that a piece of adhesive tape (approximately 75 m thick) is affixed to the front of this mirror, covering the THz beam spot. This thin, low-dielectric material introduces a small phase shift and a slight decrease in amplitude. Fig. 3(b) illustrates the same comparison, except that the reference arm of the interferometer is unblocked. Here, the disruption of the destructive interference is much more dramatic. This results primarily from the small change in propagation delay introduced by the insertion of the thin dielectric film and produces a waveform that resembles the derivative of the waveform shown in Fig. 3(a) .
The use of interferometry affords several advantages in the detection of subtle features in a sample. First, the fractional change in peak-to-peak amplitude is much larger with interferometry, as shown in Fig. 3 . This provides both an increased contrast in the imaging of dielectric discontinuities and an enhanced sensitivity for the detection of sub-coherence-length layers, as demonstrated further below. For the measurements shown in Fig. 3 , the coherence length of the THz pulse in free space is about 0.3 mm. In this case, 2 in the material is about 40% larger than the thickness of the adhesive tape used in this illustrative example. However, it is clear that the contrast is quite large in this demonstration, and that much thinner features could be detected. Interferometry also provides a background-free method for waveform acquisition, which naturally eliminates common-mode noise arising from laser fluctuations or other external perturbations. Unlike an interferometer for visible light, a THz interferometer does not require submicrometer stability, and is thus far less sensitive to vibrations. Finally, it is compatible with existing THz-TDS techniques, requiring only an additional thick silicon beam splitter and a mirror.
We note that previous THz imaging experiments have demonstrated a high degree of sensitivity to small shifts in the delay of a measured pulse [14] . The interferometric technique converts these delay shifts into amplitude shifts as follows. Consider one frequency component of frequency in the reference arm of the interferometer, which can be described as . The corresponding component of the sample arm waveform, with a phase shift, may be written as . Here, is the phase delay associated with the displacement of the reflecting surface in the sample arm, relative to zero optical path mismatch. We assume that is much smaller than the confocal parameter of the focusing beam. The superposition of these two signals is . In the limit of small displacement , the amplitude of the interference signal is modulated by a factor of . Thus, small changes in the phase of the sample arm wave lead to equivalent small changes in the amplitude of the interfered wave.
We note that the signal resulting from the interference of the two pulses is not quite zero even when the sample and reference reflectors are identical (see Fig. 2 ). We can understand this incomplete destructive interference as a manifestation of the frequency dependence of the Gouy phase. The additional phase shift acquired by a focusing Gaussian beam is given by (1) where , is the focal length of the lens, and is the beam waist before the lens [7] . For frequencies larger than the critical frequency , the Gouy phase shift approaches , but for lower frequencies, the confocal parameter of the focusing beam approaches the focal length of the lens and the phase shift rapidly drops to zero. For a typical experimental configuration, with a lens with cm, we estimate a beam waist of 1.5 cm and thus a critical frequency of GHz. Fig. 4 shows the frequency dependence of the phase difference for two values of , including this value. From a comparison of this plot with Fig. 2(b) , it is clear that a phase shift of is not expected for all the wavelengths in the THz pulse. As a result, the interference between the sample and reference arms is not complete, particularly at low frequencies. The amplitude of this residual waveform depends on the parameters of the optical configuration such as the lens focal length and also on the bandwidth of the incident THz pulse.
We can confirm that this incomplete cancellation is responsible for the observed waveforms by measuring the interfered waveforms as a function of the delay between the sample and reference arms. In this case as above, both arms are retro-reflected with identical metal mirrors. In Fig. 5 , we compare these measured waveforms (solid curves) with simulated data (dashed curves). For these simulations, we measure the reference arm pulse with the sample arm blocked. We then compute the sum of this reference pulse and a delayed, phase-shifted replica of itself. That is, we plot the inverse Fourier transform of (2) for each position of the reference arm delay line. Here, is the Fourier transform of and is the displacement of the reference arm mirror. This simulates the coherent superposition of the reference and sample arm waveforms, using only the reference arm waveform as an input. The excellent agreement between the measurements and simulations indicates that the Gouy phase is sufficient to explain the observed waveforms. 6 shows a simple metric for this single-cycle pulse interference effect. It displays the peak-to-peak amplitude of both the experimental and the simulated waveforms as a function of the delay of the reference arm. This plot shows the destructive interference near zero delay, as well as constructive interference on either side of zero delay. The solid curve shows the peak-to-peak amplitudes of the simulated waveforms, calculated as described above with the measured reference arm waveform as an input. For these measurements, the coherence length 200 m and the critical frequency 80 GHz. Although the amplitude is not zero at zero delay, it is almost an order of magnitude less than at maximum constructive interference. Also, the amplitude variation is roughly contained within a displacement range of 2, and it is roughly proportional to to within 10 m of its minimum value. This can be seen in the inset, which is an expanded view of the portion of the data near zero displacement. This illustrates how interferometry provides a large dynamic range for the conversion of small shifts in delay into large amplitude variations.
The behavior of the amplitude of the interfered waveform is further illustrated in Fig. 7 , which shows a calculation of peak-to-peak waveform amplitude as a function of the reference arm delay for three different pulse coherence lengths. These simulations use a model single-cycle pulse as an input (the first derivative of a Gaussian) and assume a critical frequency of THz. With decreasing THz bandwidth, the optimal cancellation degrades, resulting in a smaller contrast between the minimum and maximum amplitudes. It is also interesting to note an increasing asymmetry relative to zero delay, which results from the increasingly severe (and asymmetric) distortion of the single-cycle pulse by the frequency-dependent Gouy phase.
To parameterize the degree of contrast enhancement, we define the peak contrast as the ratio of the peak-to-peak amplitude at large displacement (when the two waveforms are Fig. 6 . The peak-to-peak amplitude of the measured waveforms as a function of the displacement of the reference arm mirror. Open squares are experimental data points. The solid line is simulated using a measured reference arm waveform and the Gouy phase calculated from (1), as described in the text.
The peak contrast C for these data is about five. The coherence length of the pulse used in these measurements is 200 m, but the variation in the peak-to-peak amplitude is linear to within 10 m of its minimum value. This can be seen in the inset, which is an expanded view of the portion of the data near zero displacement. Fig. 7 . Simulations of the peak-to-peak waveform amplitude as a function of the reference arm delay for three different pulse coherence lengths. These simulations use a model single-cycle pulse (the first derivative of a Gaussian) as the input pulse. The coherence length is varied by changing the temporal width of the Gaussian. To implement the Gouy phase shift, (1) is used, with a critical frequency of = 100 GHz assumed. The solid line is for L = 100 m, the dashed line is for L = 400 m, and the dotted line is for L = 1 mm. The inset shows the peak contrast C , defined as the ratio of the peak-to-peak amplitude at large displacement to the minimum peak-to-peak amplitude, as a function of the input pulse coherence length. The upper curve is the result for = 100 GHz, while the lower curve is for = 300 GHz.
well separated) to the minimum peak-to-peak amplitude (when the destructive interference is optimized). This provides a useful measure of the expected enhancement in both contrast and detectability. If the Gouy phase were exactly equal to at all frequencies, then the two waveforms would precisely cancel at , and would be infinite. The inset in Fig. 7 shows as a function of the pulse coherence length for two different values of . It is clear that broader bandwidths can significantly enhance the contrast. However, it is interesting to note that an order of magnitude contrast enhancement can be obtained with even a relatively modest bandwidth of 1 THz, corresponding to a coherence length in free space of 100 m.
To quantitatively assess these improvements, it is necessary to compute the coherence length of the pulses used in the measurements. For the simulated pulses used to generate Fig. 7 , this calculation is straightforward, but for experimentally generated pulses some subtleties arise. Normally, the coherence time of a light source is defined as the standard deviation of (3) where is the first-order coherence function (4) Since is symmetric with respect to , the average value in (3) vanishes. Because is the Fourier transform of the power spectrum, one may formulate an alternative definition for in terms of the spectral bandwidth (5) where is the full width at 1 of the power spectrum. Once the coherence time is determined, the coherence length is computed using , where is the refractive index of the medium in which the radiation propagates [18] .
In many cases, these two formulations are equivalent. However, in the case of interest here, a typical THz pulse consists not only of a single-cycle oscillation but also of a subsequent train of smaller oscillations. This temporal structure is entirely repeatable and is not due to noise in the measurement. Rather, it can arise from the effects of water vapor absorption in the THz beam path or from temporal echoes arising from either optical or electrical reflections in the transmitter or receiver antenna [19] . In either case, the presence of this structure following the main THz pulse mimics the effect of a narrow-band component within the pulse spectrum. As a result, the coherence time is artificially lengthened if this extended temporal structure is included in the computation. This is demonstrated in Fig. 8 , which shows a typical THz waveform along with the coherence length calculated using the two methods outlined above. This waveform has been measured within a purged container, so that the effects of water vapor are minimized; even so, considerable structure follows the main pulse. In the calculation of the coherence length, this time-domain waveform is numerically truncated using a square window function with tapered rising and falling edges, and the coherence length is calculated as a function of the location of the falling edge of the window. The rising edge is kept fixed at ps, well before the beginning of the pulse. The dashed line, calculated with the method of (3) and (4), shows a large increase in the computed coherence length each time the window function broadens to encompass one of the small echoes that follow the main pulse. The coherence length calculated using Fig. 8 . A typical waveform (in arbitrary units) superimposed on calculations of its coherence length using the two methods described in the text. To perform these calculations, the waveform is multiplied by a window function with rounded rising and falling edges. The rising edge is kept fixed at = 05 ps, well before the start of the pulse. The coherence length is calculated as a function of the position of the falling edge, which is varied from 1 to 40 ps. The dashed curve shows the computation based on (3) and (4), while the nearly flat solid curve shows the results from (5) . The former method is much more sensitive to the secondary structure that follows the main transient and can produce misleading results. the full waveform is 900 m, nearly six times larger than the value calculated with only the initial single-cycle transient. In contrast, since the small structures at large values of the delay do not dramatically change the shape of the spectrum, the value of calculated using (5) (solid line) is much less sensitive to the width of the window function. Of course, the coherence properties of the radiation necessarily include the full time dependence of the THz electric field and are correctly characterized using (3) and (4), along with higher order coherence functions. However, for the purposes of determining the depth resolution in time-of-flight measurements such as those described here, only the coherence of the initial portion of the waveform is relevant. To accurately extract a measure of the Rayleigh limit in such imaging experiments, the inverse spectral bandwidth is a more reliable measure than the width of . The relevant coherence length can be defined to be the limiting value as the width of the window function shrinks to include only the initial transient.
To demonstrate the ability to image below the coherence limit, we have constructed several model samples containing thin, well-controlled features. Fig. 9 shows a schematic of one Teflon-metal model, with air gaps between the two pieces ranging from 12.5 to 100 m in width. This model is positioned so that the metal-plastic interface is located at the focus of the imaging lens in the sample arm. We carefully adjust the tilt of the sample so that, as it is scanned transverse to the beam propagation direction, the distance from the lens to this interface does not vary. We image a line scan across this sample and compare the results with and without the interferometric cancellation. In Fig. 10 , we show the percent change in the peak-to-peak amplitude of the measured waveform relative to a waveform measured at a position on the sample containing no air gap. For these measurements, the delay of the reference Fig. 9 . A schematic cross-section of one of the model samples used to compare the resolution limit of the interferometric and noninterferometric imaging. The scale bar at the bottom of the figure shows a tick mark every 10 mm. Fig. 10 . Line scan images of the sample shown in Fig. 9 . These show the change in peak-to-peak amplitude of the waveform, relative to a waveform measured at a position where there is no air gap, as a function of position along a line across the sample, slicing through the six air gaps. The solid curve shows the result when interferometry is employed, while the dashed curve shows the result without interferometry. The dotted curve is the noninterferometric result multiplied by 010, shown to facilitate comparison with the interferometric result. The widths of the air gaps are as labeled in Fig. 9 . In these measurements, the coherence length of the radiation was 315 m.
arm has been used to optimize the cancellation of the pulse reflected from the metal-plastic interface, with no air gap in the beam. As seen in Fig. 3 , the waveform increases in amplitude when interferometry is employed but decreases when it is not. More importantly, the contrast of the interferometric signal is enhanced by more than an order of magnitude over the noninterferometric signal. In the interferometric mode, the areas with no air gap show strong destructive interference. The change in the cancellation when an air gap is encountered results in a large increase in the amplitude of the measured waveform. As a result, it is possible to easily detect the smallest air gap using the interference effect. This 12.5-m gap is roughly 25 times smaller than the coherence length of the terahertz pulses used to collect this data.
As mentioned above, the results of Fig. 10 for the amplitude modulation of the interferometric waveform should be equivalent to the phase modulation of the sample arm alone, with the reference arm blocked. For the purposes of this comparison, we extract the phase of the measured sample arm waveforms at one particular frequency. This result is normalized and displayed in Fig. 11 , along with the interferometric result of Fig. 11 . Line scan images of the sample shown in Fig. 9 . The solid curve shows the same result as the solid curve in Fig. 10 , which is the peak-to-peak amplitude of the interferometric signal. The dashed curve shows variation in phase of the sample arm waveforms, measured without interferometry. These data correspond to the phase measured at one particular frequency in the pulse spectrum, = 0:5 THz. These curves have been normalized so that their maxima are equal. As described in the text, these results show very similar dependence on the width of the air gap. Fig. 12 . Line scan images of the sample shown in Fig. 9 . As in Fig. 10 , these show the change in peak-to-peak amplitude of the waveform, relative to a waveform measured at a position where there is no air gap, as a function of position along a line across the sample. The solid curve shows the result when interferometry is employed, while the dashed curve shows the result without interferometry. In these measurements, the coherence length of the radiation was 525 m. The inset shows the maximum change in pulse amplitude for each of the six different air gaps, for the interferometric data from Figs. 10 (short coherence length, solid circles) and 12 (long coherence length, open squares). Fig. 10 . As expected, the degrees of modulation for these two methods are quite comparable, although the phase results are somewhat noisier.
As one would expect, the degree of modulation depends on the bandwidth of the THz pulse used to collect the data. Fig. 12 shows data similar to that of Fig. 10 , except that a different set of photoconductive antennas have been used to generate and detect the THz radiation. In this case, the coherence length is substantially longer, 525 m. The increase in sensitivity Here, two interferometric line scans are compared. These were acquired using the two reference waveforms shown in the inset. For the dashed curves, the coherence length was 345 m and the spectrum-weighted average frequency of the pulse was 250 GHz. For the solid curves, the coherence length was quite similar, but the average frequency was 40% larger. This leads to an enhancement in the signal contrast because of the frequency-dependence of the Gouy phase.
to small gaps resulting from the interferometric measurement is much smaller in this case, as a result of two factors. First, it is more difficult to measure thin features with a longer coherence length, because of the Rayleigh criterion. Second, the lower bandwidth used in this measurement leads to a less effective destructive interference between the sample and reference pulses, since the Gouy phase is far from over a substantial portion of the bandwidth. As shown in Fig. 7 , this leads to a smaller available contrast range. The inset shows the maximum change in the peak-to-peak amplitude for the six air gaps, as a function of gap width, for the two interferometric line scans shown in Figs. 10 (solid circles) and 12 (open squares). If the bandwidth is broad enough, then the variation in peak-to-peak amplitude is nearly linear with the gap width, but for narrower bandwidth pulses, these data depart from linearity. These results are consistent with the simulations shown in Fig. 7 , in which longer coherence lengths lead to more distorted contrast curves. Ordinarily, one would expect the depth resolution in a time-of-flight measurement to be determined by the bandwidth of the radiation and to be only weakly dependent on its central frequency. For example, for a light source with a Gaussian spectrum, the coherence time is simply 1/4
, where is the standard deviation of the squared power spectrum [18] . However, because of the frequency dependence of the Gouy phase, the center frequency can also play a role in these measurements. Fig. 13 shows two line scans, both representing the peak-to-peak amplitudes of the interfered waveforms. As in Fig. 12 , different sets of antennas have been used to collect these two scans. The inset shows the two different reference arm waveforms used to acquire these two line scans. These two pulses have comparable bandwidths and therefore coherence lengths, but the spectrum-weighted mean frequency of the solid curve is 40% larger than that of the dashed curve. Because the central frequency is shifted to higher values, the Gouy phase difference is closer to for most of the frequency content of this waveform, so the destructive interference between sample and reference pulses is more effective. As a result, even though the coherence lengths are quite similar, the pulse with a higher average frequency gives a substantially enhanced contrast in imaging the sample. Using the waveform with the higher central frequency, we observe that the waveform nearly doubles in amplitude in the vicinity of the smallest, 12.5-m gap.
As a final point, it is worth mentioning the role of the transverse spatial resolution in these data. The features shown in the sample of Fig. 9 are all much thinner than the Rayleigh range of the focused THz beam, even for its highest frequency components, so it is reasonable to neglect wavefront curvature in these experiments. This effectively decouples the considerations of transverse and longitudinal resolution in an imaging measurement. However, it is important to remember that different frequency components focus to different spot sizes, so the focal spot of this broadband light source is quite complicated. Since we are relying on a time-domain metric (the peak-to-peak amplitude of the temporal waveform) for formation of images, the expected transverse resolution is not so easy to determine. One might guess that it would vary approximately linearly with the central frequency of the radiation. We extract from the data of Fig. 13 a 10 -90% rise for the largest air gap, as a measure of the transverse spatial resolution. We find that the data acquired using the waveform with a higher central frequency gives a transverse resolution of 2.5 mm, while the lower frequency result is 3.8 mm, in rough agreement with the shift in the central frequency of the THz pulse. We note that the interferometric technique permits the resolution of features in the longitudinal direction that are more than 100 times smaller than the smallest features that can be resolved in the transverse dimensions.
In conclusion, we have demonstrated a version of optical coherence tomography using single-cycle pulses of THz radiation. Although conceptually quite similar to OCT, the ability to directly detect the electric field of the reflected waveform provides new imaging capabilities beyond those explored in the optical regime. Fig. 5 emphasizes the distinction between THz interferometric imaging and conventional optical coherence tomography. In OCT, data are acquired by interfering two beams (signal and reference) and measuring the intensity of this interfered signal as a function of the delay of the reference arm. This can be expressed simply as (6) Here, is the delay of the reference arm and is the time axis for the electric fields. In contrast, the THz measurements presented here provide a direct measurement of the quantity inside the square brackets in (6), for any chosen value of . It is clear that the destructive interference demonstrated in Fig. 2 has also been observed in ultrafast OCT measurements. This effect is manifested as one data point in a temporal interference fringe pattern [1] . It is important to note that the OCT analysis generally requires the measurement of the entire fringe pattern to extract information about the electric field . In the THz experiment, one can measure without varying the reference arm delay at all. This permits the resolution of features in a sample that are well below the Rayleigh limit imposed by the bandwidth of the radiation source. Moreover, the technique is entirely general, in the sense that the Gouy phase is a purely geometrical effect applicable to any focused electromagnetic wave. Thus one might hope that with recent advances in femtosecond pulse measurement techniques [20] , the ability to obtain sub-coherence-length images could eventually be implemented at higher frequencies.
